Various methods for evaluating electron binding energies and affinities are discussed, and the (all-order) perturbative method is described in some detail. It is shown that for a single valence electron or valence hole the exact binding energy/affinity is given by the energy eigenvalue of the valence Brueckner or Dyson orbital.
Introduction
The electron binding energies or ionization energies are quantities that can be measured directly -in many instances with high accuracy -by various experimental techniques, such as photo-electron spectroscopy, and therefore these quantities can serve as good tests of fundamental theories and computational schemes. This may be true to even higher degree for the electron affinities, which are subtle quantities, more difficult to study experimentally as well as theoretically. Here, accurate calculation can even be used to support the experimental determination.
There are essentially five different techniques available for evaluating electron binding energies and affinities, namely
• the Koopmans-theorem method;
• the ∆SCF method;
• the many-body perturbation method (MBPT), including all-order methods, such as the Coupled-Cluster Approach (CCA);
• the Green's-function method and
• the density-functional-theory (DFT) approach.
The first two of these methods are well known and have been used for at least four decades. According to Koopmans' theorem the binding energy is to first approximation given by the Hartree-Fock (HF) orbital eigenvalue
Here, the remaining orbitals are assumed to be frozen, implying that relaxation effects are omitted. In addition, all correlational effects are neglected.
In the ∆SCF method, separate self-consistent-field (SCF) calculations are performed for the initial and final states of the ionization process, which implies that relaxation effect is essentially included, while correlational effects are still neglected.
In the perturbative approach, correlation and relaxation effects can, in principle, be included to arbitrary degree of accuracy. The convergence rate is usually quite low, though, so it is normally necessary to apply iterative or so-called all-order methods to achieve sufficient accuracy. The most powerful and most frequently used techniques of this category is the coupled-cluster approach (CCA).
The Green's-function approach is frequently used in quantum chemistry, and it can be shown to be equivalent to the MBPT all-order approach LiBr04 [1] . During the last decade very accurate results have been achieved using the densityfunctional theory, based upon a modification of the Slater-transition-state formula and some accurate density functional. I shall not be further concerned with this technique in the present report, but the reader is referred to some of the original papers Chong98,Chong02 [2, 3] . In addition, of course, it is possible to evaluate the binding energy by performing separate many-body calculations for the initial and final states, using some elaborate variational technique, like multi-configuration HF (MCHF) or configuration interaction (CI). This will not be discussed any further here.
The following is a condensed report particularly on the many-body perturbative approach of evaluating electron binding energies and affinities. A more extensive report is presently being published LiBr04 [1] , and the reader is referred to that report for further details. 1 2 Many-body perturbation theory
General

MBPT
We shall begin this short report by recalling some of the basics of MBPT (see further the monograph
The atomic Hamiltonian is partitioned in the standard way
Pert where v nucl is the nuclear potential and u is an optional local or nonlocal electronic potential. The single-electron orbitals satisfy the eigenvalue equation
OrbEq and the Slater determinants ({Φ K }) formed from these orbitals are eigenfunctions of
with the eigenvalue
being the sum of the eigenvalues of the orbitals of the determinant. Using second quantization, the perturbation ( Pert 2) can be expressed
where a † i /a j are electron creation/annihilation operators (summation over doubly appearing indices is assumed). The operators anticommute, except
Instead of the standard normal ordering, it is convenient to employ the particle-hole (p-h) normal ordering with respect to a suitable closed-shell core, which implies that core-annihilation and noncore-creation operators appear to the left. P-h normal ordering of the perturbation ( PertSQ 6) then leads to 'contractions' between core orbitals and to an effective one-body perturbation,
where v HF is the Hartree-Fock potential of the core. This implies that if the orbitals are generated in this potential, the one-body part of the normal-ordered perturbation vanishes.
Single electron outside closed shells sec:OneVal
We consider a system with a single (valence) electron outside a closed-shell core with the Schrödinger equation
The corresponding zeroth-order or model function is a single determinant, satisfying
The wave operator relates the two functions, Ψ = Ω Φ, and using intermediate normalization, Φ|Ψ = 1, the total energy of the system becomes [5, 4] ( Using second quantization, we can separate the wave operator into n-body parts,
where the curly brackets denote p-h normal order. This can be represented graphically as shown below. The Bloch equation can now be separated into set of coupled n-body equations
BlochLn and in particular
for the one-and two-body parts. Operating from the left on the one-body equation above with Φ r p , which is a determinant with the occupied orbital p of Φ replaced by an unoccupied (virtual) orbital r, yields WO1 and similarly we obtain from the two-body equation
Solving the one-and two-body equations self-consistently is known as the (allorder) pair-correlation approach. Combined with the exponential Ansatz, this leads to the (singles-and-doubles) Coupled-Cluster Approach (CCSD) LM86 [4] . Figure 1 : Graphical representation of the one-body parts of the effective interaction. Exchange variants are left out. Fig:E1 3 The removal energy. Brueckner orbital
The total energy ( E 11) of our one-valence system is
i.e., given by the zeroth-order energy and the zero-and one-body part of the effective interaction. The total energy of the ion core, which is a closed-shell system, is given by the zeroth-order energy of that system and the zero-body part of the effective interaction. In our formalism, the zero-body parts are the same for the two systems. The difference between the zeroth-order energies is given just by the orbital eigenvalue ( E0 5), and therefore, the removal energy of the valence electron will be given by the orbital eigenvalue and the one-body part of the effective interaction
This represents the exact binding energy including correlation and relaxation effects.
The one-body part of the effective interaction, shown in Fig.   Fig:E1 1, can also be represented by a self-energy operator
Defining the off-diagonal self-energy similarly by SEND we can express the single-particle equation (
The last folded term has the effect of modifying the energy denominator of the wave operator, i.e.,
where
is the valence-orbital energy eigenvalue, corrected by the self-energy. Also the twobody equation ( WO2 17) contains a folded term, which can similarly be removed by changing the denominator, affecting the internal parameter of the self-energy operator,
We can now form a new valence orbital by adding the single excitations ( WO1C 25) to the HF orbital, 2. It can also be expressed [7, 8] , which shows that the two approaches are equivalent.
Numerical results
As an illustration of the (all-order) perturbative approach described above, we consider calculations of the lithium and sodium atoms (see Table   Tab :Li 1). The calculations [10] are basically (non-relativistic) coupled-cluster calculations with singles and doubles (CCSD). The former yields about 99% of the many-body effect for the two Li states. The calculation of Salomonson and Ynnerman is more extensive and includes also the most important three-body clusters, which were found to represent about 6% of the effect. With those included, excellent agreement with experiments is obtained -99.85% of the many-body effect are accounted for. The calculation of Blundell et al.
Blundell89
[11] is a relativistic all-order calculations with singles and doubles (no coupled clusters), yielding essentially the same results as that of Lindgren, while the calculation of Johnson et al. on sodium
Johnson88
[12]is a third-order calculation and hence less accurate. To calculate electron affinities is usually quite a delicate matter, due to the smallness of the effect in combination with the strong correlation of negative ions. As an example we consider the lithium atom, for which the experimental affinity is 22.71 mH. In a very accurate CCSD calculation Salomonson andÖster
SO90
[13] obtained the result 22.33 mH. This can be compared with a recent very extensive basis-set calculation of Jeziorski et al.
BukJez99
[14] with the result of 22.18 mH. The remaining effect is essentially due to three-body clusters.
